1. The stereospecificity of20 enzymes from plants is reported. 2. The stereospecificity of all known forms of malate dehydrogenase in plants and animals has been shown to be Aspecific. 3. The generalization that 'the stereospecificity of a particular reaction is independent of the source of the enzyme' is confirmed for a total of 12 plant enzymes. 4. A new generalization is proposed: 'When a metabolic sequence involves consecutive nicotinamide-adenine dinucleotide-dependent reactions, the dehydrogenases have the same stereospecificity.'
The stereospecific reduction of nicotinamideadenine dinucleotides, first established by Fisher et al. (1953) has been determined for a number of dehydrogenases (Bentley, 1969; Popjak, 1970) . Bentley (1969) has made a number of generalizations about the stereospecificity of dehydrogenases, the first generalization being 'the stereospecificity of a particular reaction is independent of the source of the enzyme which catalyses it'. This generalization is based on a number of examples from animals and bacteria, but when the generalization is extended to include higher plants only three examples have been established. The validity of the generalization may be questioned on the grounds that alcohol dehydrogenase of kidney shows B stereospecificity for NAD+ (Culp & McMahon, 1968) whereas liver alcohol dehydrogenase shows A stereospecificity (Dickinson & Dalziel, 1967) . Further, Fisher et al. (1969) have raised the possibility that the supernatant and mitochondrial forms of malate dehydrogenase have different stereospecificities for NAD+.
The present work was undertaken with plant enzymes, partly to test the validity of the generalizations proposed by Bentley (1969) , but mainly as part of a more general investigation of the transfer of reducing potential in plants.
Materials Labelled compounds
[4_3HjNicotinamide-adenine dinucleotide (5OCi/ mol) was obtained from The Radiochemical Centre, Amersham, Bucks., U.K. Potassium DL-[2_3Hliso-citrate (8.1 Ci/mol) was obtained from New England Nuclear Corp., Boston, Mass., U.S.A.
Materials for scintillation counting 2,5-Diphenyloxazole was obtained from British Drug Houses, Poole, Dorset, U.K., and 1,4-bisVol., 127 (4-methyl-5-phenyloxazol-2-yl)benzene was obtained from Packard Instrument Co., Wembley, Middx., U.K.
Substrates
Sodium DL-isocitrate, a-oxoglutaric acid, shikimic acid, L-glutamic acid, L-homoserine, oxaloacetic acid, allylglycine, histidinol and sodium pyruvate, were purchased from Sigma (London) Chemical Co., London S.W.6, U.K. Glucose 6-phosphate, 6- phosphogluconate, NADI, NADH, NADP+ and NADPH were obtained from Boehringer Corp. (London) Ltd., London W.5, U.K. DL-Glyceraldehyde 3-phosphate was prepared from its diethyl acetal (monobarium salt) by the method described by the suppliers (Sigma). Aspartic semialdehyde was prepared from allylglycine by the method of Black (1963 Counting ofradioactivity oftritiated compounds A stock scintillation fluid was prepared by dissolving 2,5-diphenyloxazole (7g) and 1,4-bis-(4-methyl-5-phenyloxazol-2-yl)benzene (600mg) in 400ml of Cellosolve (2-ethoxyethanol) and 600ml of toluene. Samples (0.2ml or less) of radioactive solutions were mixed with 15ml of scintillation fluid and their radioactivity was counted for 5min in a Packard liquid-scintillation spectrometer.
Preparation of enzymes and conditions of incubation:
NADP'-linked dehydrogenases Shikimate dehydrogenase (EC 1.1.1.25). The enzyme was purified from pea seedlings by the method of Balinsky et al. (1971) Malate dehydrogenase. The NADP+-specific malate dehydrogenase was prepared from maize leaves as described by Johnson & Hatch (1970) .
[3H]NADPH (0.3 ml, 0.02mM) was incubated with unlabelled NADPH (0.2mM), oxaloacetate (0.3mM), tris-HCl buffer, pH 8.0 (0.1 M), and enzyme (0.2ml, approx. 0.1 EC unit) in a final volume of 1 ml. NADP+ was isolated on Whatman DE 32 DEAEcellulose and its radioactivity counted.
Nitrate reductase, nitrite reductase and hydroxylamine reductase. These enzymes were a gift from Dr. A. P. Sims and were prepared from Candida utilis.
Enzyme (0.05 ml, approx. 1 EC unit) was incubated with 0.1ml (0.05mM) of [3H]NADPH, unlabelled NADPH (0.2mM), tris-HCl buffer, pH 8.0 (0.05M), and nitrate (0.3mM), nitrite (0.3mM) or hydroxylamine (5 mM) in a final volume of 1 ml. NADP+ was isolated by the usual methods and its radioactivity counted.
Glutathione reductase (EC 1.6.4.2). This was prepared from etiolated pea seedlings. Pea seedlings (lOOg) were ground with 200ml of 0.05M-potassium phosphate buffer, pH7.4. The juice was expressed through two layers of muslin and cleared by centrifugation at 20000g for 15min. The extract was fractionated with (NH4)2SO4 and the fraction precipitated between 40 and 55% saturation was collected, dissolved in 50ml of 0.05M-potassium phosphate buffer, pH7.4, and dialysed against the same buffer for 2h. The dialysed extract was adjusted to 60% saturation with (NH4)2SO4. The precipitate was collected by centrifugation (15 OOOg for 10min), dissolved in 50 ml ofthe phosphate buffer and dialysed overnight against 1 litre of 0.025 M-potassium phosphate buffer, pH 7.4. The enzyme preparation was cleared by centrifuging (15OOOg for 10min) and 0.1 ml (approx. 0.25 EC unit) of the preparation was incubated with [3H]NADPH (0.1 ml, 0.05mM), unlabelled NADPH (0.2mM), GSSG (3 mM) and tris-HCl buffer, pH 8.0 (0.05 M), in a final volume of 1 ml. When the reaction was complete the NADP+ was isolated and its radioactivity counted.
Glutamate dehydrogenase (EC 1.4.1.4). This was a gift from Dr. A. P. Sims and was isolated from C. utilis.
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Enzyme (0.05ml, approx. 1.5 EC unit) was incubated with [3H]NADPH (0.2ml, 0.05mM), unlabelled NADPH (0.2mM), NH4Cl (50mM), ax-oxoglutarate (1 mM) and tris-HCl buffer, pH 8.0 (0.05M), in a final volume of 1 ml. When the reaction was complete, the NADP+ was isolated and its radioactivity counted.
Homoserine dehydrogenase (EC 1.1.1.3). The enzyme was prepared from peas by the method of Sasaoka (1961) . Enzyme (0.1 ml, approx. 0.1 EC unit) was incubated with [3H]NADPH (0.1 ml, 0.05M), unlabelled NADPH (0.2mM), tris-HCl buffer, pH 8.0 (0.05 M), and aspartic fl-semialdehyde (0.8 mM) in a final volume of 1 ml. NADP+ was isolated and its radioactivity counted.
L-Aspartic f-semialdehyde dehydrogenase (EC 1.2.1.11). The enzyme was prepared from etiolated pea epicotyls. Pea shoots (200g) were ground with 200ml of tris-HCl buffer, pH7.4 (0.1 M) and squeezed through three layers of muslin. The extract was fractionated with (NH4)2SO4 and the fraction precipitated between 35 and 65% saturation was dissolved in 20ml of tris-HCl buffer, pH7.4 (0.1 M). A portion (5 ml) of this solution was passed through a column (2cm x 15 cm) of Sephadex G-25.
Enzyme (0.2ml, approx. 0.05 EC unit) was incubated with [3H]NADP+ (0.5 ml, 0.1 mM), unlabelled NADP+ (0.2mM), aspartic ,B-semialdehyde (1mM), potassium phosphate buffer, pH7.4 (0.01 M) and tris-HC1 buffer, pH7.4 (0.05M), in a final volume of 1 ml.
[3H]NADPH was isolated, reoxidized to NADP+ with glutamate dehydrogenase and the NADP+ isolated and its radioactivity counted.
Enzymes prepared from potatoes. Glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase and 'malic' enzyme were prepared from potato tubers. Peeled potatoes (200g) were extracted in a Kenwood centrifuging juice extractor with 200ml of a solution containing tris-HCl buffer, pH 7.4 (0.05 M), and mercaptoethanol (2mM). The extract was centrifuged (15 OOOg for 10min) and the supernatant adjusted to 60% saturation with (NH4)2SO4. The precipitate was collected by centrifuging (15OO0g for 10min), dissolved in 50ml of tris-HCI buffer, pH 7.4 (0.05 M), and then clarified by centrifuging for 10min at 15000g. A portion (5ml) of this extract was passed through a column (2.5 cm x 40cm) of Sephadex G-200 equilibrated with tris-HCl buffer, pH 8.0 (0.05 M).
Fractions (2ml) were collected and assayed for glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, 'malic' enzyme and shikimate dehydrogenase. Glucose 6-phosphate dehydrogenase was eluted between tubes 22 and 26, 6-phosphogluconate dehydrogenase between tubes 30 and 36 and 'malic' enzyme between tubes 39 and 45. Though shikimate dehydrogenase was eluted from the column it was accompanied by a product that 38. D. DAVIES, A, TEIXEIRA AND P. KENWORTHY attAcks nicotinanlide-a onine drnwleotides and could not be used for studies of stereospecificity.
TIe incubation conditions were as follows.
(a) Glucose 6-phosphatedehydrogenase (EC [IH]NADPH (0,2m1, 0,03m), unlabelled NADPH (0.2mm), dichlorophenol-indophenol (0.2mm), tris-HCI buffer, pH$.O (0.1 M), and diaphorase (O.1 ml, approx, 0.5 EC unit) in a fina,l volume of 1 ml. When the reaction was complete NADPI was isolated and its radioactivity counted as described above.
Preparation ofenzymes andconditions ofincubation: NADI+-linked dehydrogenases
Malate dehydrogenases (EC 1.1.1.37). Mitochondrial and supernatant forms were prepared from potato tubers by the maethod of Davies (1961) .
Mitochondrial and supernatant forms from pig heart were obtaind from P-L Biochemicals Inc.
The animal malate dehydrogenass (5,ul, approx. 15 Macrae (1971) . The incubation mixture contained [3HJNAD+ (0.1 ml, 2.5mM), unlabelld NADI (0.2mM), sodium L-malate(5mM), MnCl2 (2mM), 'malic'enzyme(0.2ml, approx. 0.5 EC unit) and tris-HCI buffer, pH 7.2 (0.4M), in a final volume of 1 ml. At the end of the reaction [3H]NADH was isolated and converted back into NAD+ with alcohol dehydrogenase as follows.
[3HINADH (0.5m1, approx. 0.1mm) was incubated with unlabelled NADH (0.2mm), acetaldehyde (0.3mM), tris-HCl buffer, pH18.0 (0.05 M), and yeast alcohol dehydrogenase (0.01 ml, approx. 20 EC unit) in a final volume of 1 ml. NAD+ was isolated on a Whatman DE 32 DEAE-cllulose column and its radioactivity counted.
Glutamate dehydrogenase (EC 1.4.1.2). Mito-. chondria, prepared from pea epicotyls by the method of Millerd & Bonner (1954) , were frozen and thawed, then centrifuged at 400OOg for 30min. The superb natant was collected, its pH adjusted to 6.0 with I Macetic acid and heated in a water bath at 700C for 5min. Denatured protein was removed by centrifut. gation and the clear supernatant treated with 0.33vol. of calcium phosphate gel, prepared by the method of Keilin & Hartree (1938) . After centrifugation the precipitate was washe.d twice with 0.5M-NaCI, and the glutamate dehydrogenase was subsequently eluted with 12 % (w/v) (NH4)2SO4 in 0.05M-potassum 1972 phosphate buffer, pH7.4. The final supernatant was desalted by passing it through a column (l.5 cmx 20cm) of Sephadex G-25 previously equilibrated with 0.05M-potassium phosphate buffer, pH7.4. Enzyme (0.1 ml, approx. 0.5 EC unit) was incubated with [3H]NADH (0.1 ml, 0.2mM), unlabelled NADH (0.2mM), NH4CI (50mM), a-oxoglutarate (1 mM) and tris -HCI buffer, pH 8.0 (0.05M), in a final volume of 1 ml. When the reaction was complete, NAD+ was isolated and its radioactivity counted.
Isocitrate dehydrogenase (EC 1.1.1.41). This enzyme was prepared as described by Cox & Davies (1967 [3H]NADPH was eluted with 0.2M-NaCl-0.1M-tris-HCl buffer, pH8.0, and appears in a further 10ml.
Separation ofNADI from NADH
At the end of the incubation, the contents of the cuvette were diluted fivefold with ice-cold water and immediately passed through a column (1cm x 4cm) of Whatman DE32 DEAE-cellulose equilibrated with tris-HCI buffer, pH8.0 (0.05M). On washing the column with equilibrating buffer, all tritiated products except NADI, NADH and malate came off the column in the first 10ml. NAD+ was eluted in the second 10ml of equilibrating buffer. Malate was eluted with 0.06M-NaCl-0.1M-tris-HCl buffer, pH18.0, and was collected in IOml. NADH could then be eluted with 0.1M-NaCl-0.1M-tris-HCl buffer, pH18.0, and appeared in a further 10ml.
Results
NADP'-linked dehydrogenases studied in the direction ofNADP' reduction Dehydrogenases were incubated with their substrates and [3H]NADP+. In cases where the dehydrogenase is B-specific the [3H]NADPH produced will be labelled on the A side of the nicotinamide ring, and conversely will be labelled on the B side in cases where the dehydrogenase is A-specific.
To establish the stereospecificity, the [3H]-NADPH was incubated with -oxoglutarate, NH4C1 and ox liver glutamate dehydrogenase, which removes hydrogen from the B side of the reduced nicotinamide ring (Nakamoto & Vennesland, 1960 Bentley's (1969) generalization that 'the stereospecificity of a particular reaction is independent of the source of the enzyme' had been shown to be applicable to plants as well as to bacteria and animals in only three cases. The results presented in Table 5 increase the number of cases to 12 and strongly support the inclusion of plants in Bentley's (1969) generalization. In the experiments reported in this paper, the oxaloacetate concentration was kept low and the results presented in Table 4 show that mitochondrial and supernatant forms of malate dehydrogenase from plants and animals show A-stereospecificity. It should also be noted that NADPI-specific malate dehydrogenase, NADP+-specific 'malic' enzyme and NAD+-specific 'malic' enzyme are also A-specific.
We draw attention to the observation that when a ietabolic sequence involves consecutive nicotingmdeo-d4nine Oinucleotide-dependent reactions, the dehydrogenases show the same stereospecificity, e.g. glucose 6-phosphate dehydrogenase and 6. phosphogluconate dehydrogenase; aspartic f-semialdehyde dehydrogenase and homoserine dehydrogenase; nitrate reductase, nitrite reductase and hydroxylamine reductase.
It will be noted that the seven enzymes involved in three sets of consecutive reactions are all B-specific. We cannot think of any obvious reason why they should all be B-specific but believe that current ideas on the evolution of enzymes suggest that the second dehydrogenase of the sequence will be derived from the first and is thus likely to preserve the same stereospecificity.
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